Abstract Magnetohydrodynamic (MHD) accelerator is proposed as a next generation propulsion system. It can be used to increase the performance of a propulsion system. The objective of this study is to investigate the performance of MHD accelerator using non-equilibrium air plasma as working gas. In this study, the fundamental performance of MHD accelerator such as flow performance and electrical performance is evaluated at different levels of applied magnetic field using 1-D numerical simulation. The numerical simulation is developed based on a set of differential equations with MHD approximation. To solve this set of differential equations the MacCormack scheme is used. A specified channel designed and developed at NASA Marshall Space Flight Centre is used in the numerical simulation. The composition of the simulated air plasma consists of seven species, namely, N2, N, O2, O, NO, NO + , and e − . The performance of the non-equilibrium MHD accelerator is also compared with the equilibrium MHD accelerator.
Introduction
MHD has been identified as one technology that is capable of providing hypervelocity, high flight dynamic pressure, and clean-air wind tunnel simulations for the development of air-breathing propulsion systems. The acceleration force of MHD is mostly produced by Lorentz forces (j ×B) attained by interaction of electric and magnetic fields [1] . The most viable engine in this application is the MHD bypass scramjet engine [2∼4] .
As types of MHD accelerator, there are three basic design configurations (i.e., Faraday, Hall, and diagonal types), and numerous studies on MHD accelerator performance with different electrode connections have been conducted [5, 6] . From these studies, we know that the Faraday-type configuration has the best acceleration efficiency and that the diagonal-type configuration can approach similar levels of efficiency. The study of the effect of an applied magnetic field on the performance of a diagonal MHD accelerator has been reported in previous works [7, 8] . It was found that both accelerator efficiency and propulsion performance increase as the applied magnetic field is enhanced.
The objective of this paper is to evaluate the performance of an MHD accelerator using non-equilibrium air plasma as working gas with different magnetic fields.
Numerical results are the flow performance of a Faraday MHD accelerator presented as a function of gas temperature, gas pressure, axial velocity, and electrical conductivity of the working gas. To analyze the performance of Faraday MHD accelerator a one-dimensional (1-D) numerical simulation is developed. The MacCormack scheme is employed to solve the set of differential equations with MHD approximation. A specified channel designed and developed at NASA Marshall Space Flight Centre is used in the numerical simulation. In this study, non-equilibrium air plasma consisting of N 2 , N, O 2 , O, NO, NO + and e − is used as working gas. The performance of non-equilibrium Faraday MHD accelerator is also compared with equilibrium Faraday MHD accelerator. In the case of equilibrium Faraday MHD accelerator the working gas of equilibrium air plasma is a combination of two species, namely N 2 and O 2 . For the comparison purpose, simulation results of equilibrium Faraday MHD accelerator are taken from Ref. [9] . Schematic of Faraday MHD accelerator is given in Fig. 1 .
Governing equation
For numerical simulation, the widely used set of basic equations with MHD approximations is considered. Since the essential feature of MHD flow is the existence of Lorentz force and Joule heating, the fluid-dynamic equations for heavy particles are given by the continuity, momentum and energy equations including MHD effects as follows [10∼12] . 
where ρ is the gas density, i is the species number, ω i is the production rate and A is the cross sectional area of the channel and u is the flow velocity. b. Momentum equation:
The notation j is defined as the current density, B is the magnetic field, p is the static pressure, and P L is the pressure loss. c. Energy equation:
In the equation, E is the electric field and E s is the total energy of unit volume, which is given by the following equation,
and Q L denotes the heat loss through the channel walls. That is
where S t is a Stanton number and T w is the wall temperature.
The Equations for electrons
Basic MHD approximation equations for electron gas used in this numerical simulation are expressed in the following continuity, momentum and energy equations:
a. Continuity equation:
where n + i is the net ion production rate. b. Momentum equation: In the expression of the electronic gas momentum, time derivative term is neglected because its characteristic time is much shorter than that of collisional ionization process.
Here, β and σ are the Hall parameter and the electrical conductivity, and p e is the electronic pressure. c. Energy equation:
where Coll is the heat loss by conduction defined as
Q L denote the radiation and heat loss due to conduction. And, the expression of internal energy of electron, U e is given by
For all types of cross-field MHD accelerators, the MHD approximations are given by Maxwell equations and generalized Ohm's law as follows:
From Maxwell equations and Ohm's law, the current density components, j x , j y , and the electric field components, E x , E y , in Faraday connection can be expressed as follow [7] :
where K is a loading factor defined as
Chemical kinetics model
The chemical production rates are derived from the reactions occur between the components of the gas. Dissociated air is assumed to be constituted of seven species (N 2 , N 
where M is a generic particle. For each reaction, the reaction rate R is governed by a forward reaction rate k b and a backward reaction rate k f as follows.
The source terms of Eq. (1) are expressed by
where [8] .
where z = 
Numerical simulation procedure
In order to investigate the performance of the MHD accelerator, a 1-D numerical simulation is conducted throughout the channel designed and developed by the NASA Marshall Space Flight Centre. This channel can be installed at the end of the arc heater that is used for plasma production. The schematic of the MHD accelerator is shown in Fig. 2 . The channel height and width diverged along the flow direction. The inlet height and width are 15.7 mm, and the exit height and width are 35.56 mm. The channel has a total of 65 electrodes with the electrode width of 5 mm [16] . In numerical simulation of MHD accelerator using non-equilibrium air plasma, the air plasma consists of seven species, that are N 2 , O 2 , NO, NO + , N, O and e − . Faraday connection of electrode connection is used in this simulation. The calculated conditions for this numerical simulation are shown in Table 2 . 
Results and discussion
An MHD accelerator utilizes the Lorentz force, a body force that accelerates the working gas. In this study the performance of Faraday MHD accelerator is examined by applying different applied magnetic field, keeping the input current density constant. The range of applied magnetic field is 1.0 T to 4.0 T and the constant applied current density is 20 A/cm 2 . The working gas of air-plasma in non-equilibrium conditions consists of N 2 , N, O 2 , O, NO, NO + and e − . Flow performance and electrical performance of non-equilibrium Faraday MHD accelerator are discussed. The performance of non-equilibrium Faraday MHD accelerator is also compared with the performance of equilibrium Faraday MHD accelerator. For comparison the equilibrium simulation and results are taken from Ref. [9] .
Performance of non-equilibrium
Faraday MHD accelerator
Flow performance
The effects of applied magnetic field on the flow performance of non-equilibrium Faraday MHD accelerator are evaluated in this section. The working gas of nonequilibrium air plasma consists of N 2 , N, O 2 , O, NO, NO + and e − . The applied magnetic field varies from 1 T to 4 T, while the applied current density is kept constant at 20 A/cm 2 . Fig. 3 shows the axial velocity of the working gas at the exit of the channel under different magnetic fields. When the magnetic field is 1 T, 2 T, 3 T and 4 T the corresponding axial velocities at the exit region are 2956.96 m/s, 3713.91 m/s, 4459.57 m/s and 5184.89 m/s, respectively. Furthermore, the result shows that the magnetic field has a positive effect on the flow velocity of the working gas where the increase of one unit of magnetic field (i.e. 1 T) increases the exit axial velocity about 743 m/s. The gas temperature at the exit of the channel is shown in Fig. 4 for different magnetic fields. The gas temperature increases as the magnetic field increases. Joule heating increases the gas temperature. The temperature of working gas at exit with magnetic field 1 T, 2 T, 3 T and 4 T is about 3082 K, 3085 K, 3153 K and 3296 K, respectively. The effects of magnetic field on the pressures of gas are shown in Fig. 5 at the exit section of the channel. Increasing magnetic field causes the pressure of gas to decrease. Increase in one unit of magnetic field (i.e. 1 T) decreases the pressure about 6.74%.
Electrical performance
In this section the electrical performance of nonequilibrium Faraday MHD accelerator is examined. The range of applied magnetic field in this study is 1 T to 4 T and the applied current density is kept at 20 A/cm 2 . The electrical conductivity at the exit of the non-equilibrium Faraday MHD accelerator is shown in Fig. 6 . The electrical conductivity increases as the applied magnetic field intensity increases. Fig. 6 shows the electrical conductivity of working gas at the exit of the channel under different magnetic fields. It shows that enhancing one unit of magnetic field (i.e. 1 T) leads to an increase of about 33 S/m in the electrical conductivity of working gas. 
Comparison between non-equilibrium and equilibrium Faraday MHD accelerator
In this section the performances of non-equilibrium Faraday MHD accelerator is compared with equilibrium Faraday MHD accelerator. In the case of nonequilibrium Faraday MHD accelerator the working gas of non-equilibrium air plasma consists of seven species (N 2 , N, O 2 , O, NO, NO + and e − ). However, in the case of equilibrium Faraday MHD accelerator the working gas of equilibrium air plasma is a combination of two species (N 2 and O 2 ). The simulation and results for equilibrium air plasma are taken from Ref. [9] . The flow performance and electrical performance have been evaluated for both non-equilibrium and equilibrium Faraday MHD accelerators. In both types of accelerator the applied current density is 20 A/cm 2 , and the applied magnetic field is 4 T. Fig. 7 shows the axial velocities of working gas along the channel. The behaviour of both working gases (non-equilibrium and equilibrium air plasma) inside the Faraday MHD accelerator channel is similar. The exit flow velocity of equilibrium air plasma is about 4892 m/s, while the exit flow velocity of working gas of non-equilibrium air plasma is about 5185 m/s. The flow velocity of non-equilibrium air plasma is averagely about 3.6% higher than that of the equilibrium air plasma. Fig.7 Flow velocity in non-equilibrium and equilibrium Faraday MHD accelerator channel (color online) Fig. 8 shows pressure of both kinds of working gases inside the channel. The behavior of both types of working gas in term of pressure is the same inside the channel but the value of pressure of equilibrium air plasma throughout the channel is slightly higher than that of non-equilibrium air plasma. The temperatures of working gas for both equilibrium and non-equilibrium air plasmas are similar as shown in Fig. 9 , as the case of flow velocity of working gas. At the start the temperature of both working gas decreases but after about 1.0 cm the temperature of both working gas starts to increase. Temperature of equilibrium air plasma is slightly higher than the temperature of non-equilibrium air plasma. 
Flow performance

Electrical performance
In this section the electrical performances of nonequilibrium and equilibrium Faraday MHD accelerators are evaluated. Fig. 10 shows the electric conductivity of both equilibrium and non-equilibrium air plasmas Fig.9 Temperature of non-equilibrium and equilibrium air plasmas along the Faraday MHD accelerator channel (color online) Fig.10 Electrical conductivity of non-equilibrium and equilibrium air plasmas along the Faraday MHD accelerator channel (color online) along the channel. Results demonstrate that electrical conductivity of non-equilibrium air plasma is higher than that of the equilibrium air plasma. At the exit section of Faraday MHD accelerator the electric conductivity of equilibrium air plasma is about 280 S/m, while the electric conductivity of non-equilibrium air plasma is about 278 S/m.
Conclusion
In this paper, the performance of non-equilibrium Faraday accelerator is evaluated with different applied magnetic fields. It is concluded that increasing magnetic field leads to increase of flow velocity, pressure and electric conductivity of working gas. And increase in magnetic field intensity will cause the temperature of working gas to decrease at the exit of the nonequilibrium Faraday MHD channel. The performance of non-equilibrium Faraday MHD accelerator is also compared with that of equilibrium Faraday MHD accelerator. Results demonstrate that performance of nonequilibrium Faraday MHD accelerator is slightly higher than the performance of equilibrium Faraday MHD accelerator.
